Juvenile Pacific bluefin tuna (PBT, Thunnus orientalis) are known to migrate from western Pacific spawning grounds to their eastern Pacific nursery and feeding grounds in the California Current Large Marine Ecosystem (CCLME), but the timing, durations, and fraction of the population that makes these migrations need to be better understood for improved management. To complement recent work focused on stable isotope and radiotracer approaches ("tracer toolbox"; Madigan et al., 2014) we explored the suitability of combining longitudinal analyses of otolith microstructure and trace elemental composition in age 1 -2 PBT (n ¼ 24, 66 -76 cm curved fork length) for inferring the arrival of individuals in the CCLME. Element:Ca ratios in transverse otolith sections (9 -12 rows, triplicate ablations from primordium to edge, ø50 mm) were quantified for eight elements: Li, Mg, Mn, Co, Cu, Zn, Sr, and Ba, which was followed by microstructure analysis to provide age estimates corresponding to each ablation spot. Age estimates from otoliths ranged from 328 to 498 d post-hatch. The combined elemental signatures of four elements (Ba, Mg, Co, Cu) showed a significant increase at the otolith edge in approximately half of the individuals (30 -60 d before catch). Given the different oceanographic properties of oligotrophic open Pacific vs. high nutrient, upwelling CCLME waters, this signal is consistent with the entry of the fish into the CCLME, which was estimated to occur primarily in July after a transoceanic migration of 1.5 -2.0 months. Our approach comprises a useful addition to the available tracer toolbox and can provide additional and complementary understanding of trans-Pacific migration patterns in PBT.
Introduction
Pelagic predators such as tunas and sharks often undertake large oceanic migrations at different stages of their life, which makes the sustainable management of these species a complex and formidable challenge (Rooker et al., 2008; Block et al., 2011) . Bluefin tuna (Thunnus thynnus, T. orientalis, and T. maccoyii) are known to migrate across entire ocean basins (Collette and Nauen, 1983; Bayliff, 1994; Rooker et al., 2007) , and their long lifespan and high market value contribute to their vulnerability to overfishing and population collapse (Collette et al., 2011) . The Pacific bluefin tuna (PBT, T. orientalis), one of the most highly priced fish on the market and currently depleted to ,6% of its presumed pre-fished population levels (ISC, 2014) , is an iconic example of this predicament. PBT spawn in late spring to summer in the western Pacific Ocean (Kitagawa et al., 1995; Chen et al., 2006; Suzuki et al., 2014) , and an unknown fraction of the juveniles migrate across the North Pacific Ocean during their first or second year of life to reach the California Current Large Marine Ecosystem (CCLME), one of the world's major upwelling regions and a favourable tuna feeding ground (Bayliff, 1994; Block et al., 2011) . Most PBT spend several years in the CCLME before undertaking the trans-Pacific return journey to their spawning grounds as mature adults (Bayliff et al., 1991; Boustany et al., 2010) .
To improve management, several studies have recently investigated juvenile PBT migration and residency patterns in the CCLME, specifically by using chemical tracers (Madigan et al., 2012 (Madigan et al., , 2013 (Madigan et al., , 2014 . Madigan et al. (2014) Cs) that was released into the western Pacific Ocean off Japan following the Fukushima nuclear accident in spring 2011 (Buesseler et al., 2012) . The premise behind stable isotope and radiocesium "clocks" is that exposure differs between waters of the western and eastern Pacific Ocean, i.e. between relatively d Cs ratio ¼0), respectively (Madigan et al., 2014) . If the movement of fish between these different ocean regions results in measurable changes of these tracers in their muscle tissue, they can be used retrospectively to infer past migration and residency patterns.
Here we test the suitability of adding a third tool to the "tracer toolbox", using otoliths instead of muscle tissue samples to infer PBT migration patterns. Calcified fish otoliths are arguably the most widely used animal hard structure in biological oceanography (Campana, 2005) , because they are continuously formed during a fish's life (but never re-formed) and because the rate and biochemical composition of otolith protein + CaCO 3 accretion varies relative to abiotic factors (e.g. temperature and elemental composition of seawater) and biotic factors (e.g. somatic growth and ontogenetic stage). Hence, otoliths offer the reconstruction of a suite of valuable oceanographic and biological information. Otolith macrostucture analyses have generally focused on inferring yearly age and growth for stock assessment purposes (Campana, 2001) or biochronologies (Morrongiello et al., 2012) . Otolith microstructure analyses interpret daily growth structures during the larval and juvenile stages to infer hatch time, age, growth, or selective mortality (e.g. Stevenson and Campana, 1992; Baumann et al., 2006) . Otolith microchemistry, on the other hand, attempts to reconstruct the movement of fish through specific water bodies, based on measuring concentrations of stable isotopes such as d 13 C or d
18
O (Thorrold et al., 1997) or various trace elements (Campana and Thorrold, 2001; Elsdon et al., 2008) . While most reliably used for inferring ontogenetic habitat changes in diadromous fish (Veinott and Porter, 2005; Kerr et al., 2009) , otolith elemental compositions have also been used with success to discriminate relative importance of different spawning grounds (e.g. cod: Campana et al., 2000; PBT: Rooker et al., 2001b) , to reconstruct thermal habitat and feeding histories (Thorrold et al., 1997) , or to infer fish exposure to upwelling based on increased otolith Ba signatures (Woodson et al., 2013) .
This study hypothesized that juvenile PBT entering the CCLME experience a change from exposure to oligotrophic open Pacific to coastal upwelling waters, with the different geochemical properties potentially recorded and thus detectable in their otoliths. We chose a trace elemental approach and used Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) to measure concentrations of eight elements (Li, Mg, Mn, Co, Cu, Zn, Sr, and Ba) in transversal otolith sections from juvenile PBT caught in late summer within the CCLME. We then added ontogenetic context to microchemistry data by conducting subsequent otolith microstructure analyses, which allowed back-calculating the date and age corresponding to each ablation spot. We used a replicated, longitudinal ablation pattern and devised a method to examine and digitally overlay the otolith microstructure. Because we were primarily interested in the arrival of PBT juveniles, our analyses focused on approximately the last 5 months before capture of each fish and evaluated whether Ba and potentially other trace elements changed in a pattern consistent with an entry signal into the coastal upwelling waters of the CCLME.
Methods

Field sampling and otolith preparation
Specimens were collected dockside as part of NOAA's biological sampling programme for recreational tuna caught off the coast of San Diego, CA, USA. In 2012, sagittal otoliths were extracted from a total of 349 PBT heads that were also measured for operculum length (OL). OL was used to estimate curved fork length (CFL), i.e. the fork length of each fish as if measured along its curved body (CFL ¼ 32.94 × e 0.037× OL ). From this subsample, we randomly selected 25 juveniles that were most likely recent age-1 year immigrants to the CCLME, based on their narrow size range (CFL: 66.3 -76.0 cm) and catch date (4 August -25 September 2012). Extracted otoliths were cleaned, stored air-dry, and then embedded in clear epoxy resin (Stuers EpoFix), before transversal sectioning through the primordium ( 0.5 mm thickness, low speed IsoMet w , Buehler w ). Sections were then mounted on glass sides with thermoplastic (¼reheatable) cement (ChrystalBond # ) that allowed polishing sections from both sides to 300 mm thickness using 0.3 mm MicroPolish Alumina Powder and 1200-600 grit silicone-carbide paper (Buehler w ).
Trace elemental measurements
Longitudinal patterns in trace elemental composition were assessed in the ventro-distal portion of transversal otolith sections ( Figure 1 ) using an ultraviolet NWR 213 Laser ablation unit with a quadrupole Thermo Scientific XSeries II ICPMS. LA-ICPMS was deemed advantageous over micro-milling, primarily because it required the least amount of otolith material and thus had the best temporal resolution. Depending on otolith size, 29 -40 spots of 50 mm diameter were ablated using laser energy, repeat rates, and ablation times of 60%, 10 Hz, and 12 s, respectively (for other parameters, see Supplemental material, Table S1 ). National Institute of Standards and Technology (NIST) glass 614 was used as the standard to create calibration curves for each element of interest. We assumed calcium to be evenly distributed at a concentration of 38% across the whole otolith and thus used it as the internal standard to correct variations in ablation yield and counting efficiencies Page 2 of 11 H. Baumann et al. (Rooker et al., 2001a) . Trace element contamination was avoided by pre-ablating all targets and standards for 10 s before actual measurement ablations began. In addition, integration was applied only to the stable fragment of the spectrum (usually 5 s after ablation began), while air spectrum collected before each actual ablation was used as blank for correction. The first ablation spot was always set at the primordium (operationally defined as the narrowest part of the otolith section), followed by four equally spaced spots until the otolith inflection point (Figure 1 ). Thereafter, until the edge of the otolith, we used triplicate ablations in 8 -12 rows of assumed same age, given that they were oriented perpendicularly to otolith growth axis ( Figure 1 Figure 1 . Transversal section of a juvenile PBT sagittal otolith after ablation (left, image) and its digitized representation after microstructure analysis (right, shape). Individual daily increments and age isolines (red dots) were marked across multiple images, combined, and used to construct an age grid (grey lines, contour labels ¼ days) that allowed associating ages to each ablation crater. The approximate dorsal/ventral and distal/ medial axes (black cross) are given for orientation, while the white arrow depicts the otolith growth axis. P, primordium, IP, inflection point. Scale bar for shape with major/minor ticks ¼50/10 mm, respectively. This figure is available in black and white in print and in colour at ICES Journal of Marine Science online. :
.
Microstructure analysis
The same transversal otolith sections used for trace element measurements were subsequently used for microstructure analysis. To discern microstructural patterns, sections required further polishing from both sides to a final thickness of 100 mm, which erased the ablation craters previously visible on the surface. Hence, before the post-ablation polish the section shape and the ablation spot positions were digitized (ImagePro 4.5) from a calibrated picture taken at low magnification (4×). After the final polish, sections were coated with a thin oil film that improved clarity, followed by taking calibrated digital pictures of up to 10 overlapping areas under ×400 magnification from the primordium to the edge. Each area was photographed 5 -10 times under slightly different foci, which enhanced microstructure interpretability through merged multifocal images (.TIFF, ImagePro; see Baumann et al., 2006) . From the primordium to the otolith edge, presumed daily increments were opportunistically marked where they could be best discerned, which followed a similar but not a consistent axis ( Figure 1 ) and precluded measurements of individual increment widths. All otoliths were read twice blind by the same reader (H.B.) and again a third time, if initial counts differed by more than 10% (n ¼ 8). Assuming a learning curve, the second or third age reading was then chosen for further analysis. One specimen was excluded from further analysis due to poor image quality. The final mean coefficient of variation (CV m ) of age estimates across all 24 individuals was 5.7%, calculated according to Campana (2001) as
where X ij is ith age reading of the jth individual with a mean age X j and the number of readings N. In addition to marking individual increments, we also digitized 15 -20 age isolines per otolith by placing markers along specific increments that could be traced well (Figure 1 ). The coordinates of both age and age isoline markers were then transformed into coordinates relative to the otolith primordium and used to calculate an age contour grid (Kriging, Golden Software Surfer 8.0). The grid, the digitized otolith shape, and the ablation spots were then digitally overlaid (anchored by the primordium and outer shape as common landmarks), and minimum, mid, and maximum ages were manually extracted for each ablation spot (Figure 1 ). The temporal resolution of this approach decreased from primordium to edge, given that the days encompassed by each 50 mm ablation spot increased from 5 d spot 21 near the primordium (widest increments) to 23 -29 d spot 21 closest to the otolith edge (narrowest increments, Figure 2 ). Increments were generally unrecognizable within the first 100 mm from the primordium, which we assumed resulted in, and thus corrected for, an average underestimation of age by 30 d (Itoh et al., 2000) . The corrected, mid-age estimate of each ablation spot could then be used to describe average longitudinal patterns in R E relative to day post-hatch (dph, e.g. Figure 4 ), day before catch (dpc, e.g. Figure 5 ), or the calendar date when the ablated material was likely deposited on the otolith (e.g. Figure 6 ). General trends in these measures were calculated across the replicate ablation points.
Results
The estimated age of PBT juveniles ranged from 328 to 498 dph (mean + s.d.: 402 + 41 d). Age was positively correlated with size (CFL, p ¼ 0.004, r 2 ¼ 0.32, Figure 3a ) and sampling date (r 2 ¼ 0.43, p ¼ 0.004), whereas size and back-calculated hatch date were negatively correlated (r 2 ¼ 0.17, p ¼ 0.044). The hatch distribution ranged from April to September 2011, with a mode in July (n ¼ 9, 38%) and a mean (s.d.) on 13 July 2011 (+ 36 d). Twenty-one of 24 individuals (88%) hatched in June, July, and August 2011 (Figure 3b) .
Average ontogenetic patterns in R E were highly variable among elements (Figure 4a-h) . R Li and R Mg showed a similar pattern of initially high values (2.9-6.8 and 210-580 mmol mol
21
, respectively) that declined rapidly over the first 100 dph, followed by stable or slightly declining R E values (1.4-3.3 and 110-230 mmol mol 21 , respectively; Figure 4a and b). R Mn showed a remarkable longitudinal decline from high (2.8-7.9 mmol mol 21 ) to low variability (0.5-1.7 mmol mol 21 ) along with declining average values (Figure 4c ). R Co and R Cu were mostly close to the detection limit (Supplementary material, Table  S1 ) with the notable exception of some individuals that exhibited very high R E values close to the primordium and again close to the Figure 4f ). R Sr and R Ba , on the other hand, exhibited a pattern of initially declining values to a minimum at approximately 100 dph (2.1-2.5 mmol mol 21 and 0.3-0.9 mmol mol 21 , respectively), followed by rising R until the edge (2.3-3.5 mmol mol 21 and 1.1-2.2 mmol mol 21 , respectively; Figure 4g and h). When expressed relative to the day before catch (dpc), all R E 's except R Mn showed a substantial increase in average values (n ¼ 24, fitted with a non-parametric LOESS smoother) starting at 60 dpc (Figure 5a-h ), while remaining weak or ambiguous for R Sr , R Zn , and R Li . We interpreted this "edge signal" as potentially related to the entry of PBT juveniles into the CCLME and thus examined it further for each individual separately. For these analyses, we first standardized each replicate R E value (i) for Ba, Mg, Co, and Cu to unit mean (mR E ) and standard deviation (sdR E ) for each element ( j) and individual (k)
and then combined the standardized ratios (ZR E ) to plot them against the date of deposition for each individual (Figure 6 Figure 6 ). The remaining individuals showed neither increasing nor decreasing ZR E values towards the otolith edge. Given the strong correlation between R Ba , R Mg , R Co , and R Cu within the four terminal ablation rows ( 150 dpc, Pearson correlation coefficient 0.18-0.6, p , 0.001), a comparable pattern emerged, when analyses were conducted separately for each of the four elements (supplementary material, Figures S1-S4 ). We found that the difference in R E 's between the last and the three preceding ablation rows was unrelated to fish size (CFL), age, hatch, or sampling date (Pearson correlation, p . 0.05), but showed a tendency to increase with decreasing distance between the otolith edge and the last ablation row (Pearson correlation; Ba: p ¼ 0.057, Mg: p ¼ 0.033). Hence, the closer our ablations were performed to the otolith edge, the more likely we detected an increase in R E . If the "edge signal" is in fact related to PBT moving from open ocean waters into the CCLME, our reconstruction revealed a likely entry window between late June and early August in 2012. However, a few individuals also showed conspicuous ZR E increases as early as March/April 2012 ( Figure 6 ).
Discussion
This study combined otolith microstructure and trace element analyses in juvenile PBT using a digital overlay approach to allow associating age estimates with individual ablation spots. This facilitated an age-resolved longitudinal examination of elemental patterns and a first test of whether the transition of juvenile tuna migrants from oligotrophic open Pacific Ocean into CCLME waters could be detected in their otoliths. Indeed, more than half of the examined individuals showed significant increases in Ba, Mg, Co, and Cu signatures at their otolith edge, which is consistent with such an "entry signal". An increase in Ba is consistent with exposure to upwelled water from depth (Lea et al., 1989; Patterson et al., 2004; Elsdon et al., 2008; McMahon et al., 2013) , because Ba is enriched in deeper compared with surface waters. Recently, Woodson et al. (2013) showed that patchy upwelling in the CCLME can locally elevate Ba:Ca ratios in seawater from 5.5 to .6.5 mmol mol
21
, and that this signal was detectable in the otoliths of juvenile rockfish, where otolith Ba:Ca ratios increased correspondingly from 0.5 to 1.8 mmol mol 21 . Hence, the study showed that while absolute Ba concentrations in fish otoliths might be lower compared with seawater, changes in Ba exposure are likely translated into different otolith signatures (Woodson Figure S1 ).
In addition to Ba, conspicuous increases at the otolith edge were also detected for two trace metals, Co and Cu. Both elements are known to occur at very low concentrations in surface waters of the open North Pacific Ocean (Cu: 0.5 nmol kg
, Bruland, 1980) , which is consistent with concentrations below detection limit along almost the entire longitudinal section of each otolith.
Sediments from the Californian shelf, however, have been identified as significant external sources of Co and Cu (Bruland, 1980; Biller and Bruland, 2013) , which may plausibly enrich the shelf waters of the CCLME (e.g. Cu: 1.5 nmol kg
). This is consistent with the observed large Cu and Co increases at the otolith edge of some PBT juveniles. The concomitant increase in Mg in many specimens, on the other hand, might be incidental or comprise a by-product of migrants feeding on different prey while transitioning from the outside to the inside of the CCLME (Madigan et al., 2014) . Of the remaining four elements, three (Li, Zn, Sr) showed gradual instead of sudden increases towards the otolith edge, perhaps Figure 4 . Average ontogenetic patterns in Element:Ca ratios (R E ) for (a) Li, (b) Mg, (c) Mn, (d) Co, (e) Cu, (f) Zn, (g) Sr, and (h) Ba of PBT juveniles caught in the CCLME in 2012. Shapes (10-90th percentiles) and thick black lines (median) were derived from age-dependent cumulative probability distributions of all replicate R E 's calculated using locally weighted, non-parametric density estimators with variable bandwidths. The non-parametric method is described in detail, for example, in Pepin et al. (1999) or Evans (2000) . This figure is available in black and white in print and in colour at ICES Journal of Marine Science online.
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reflecting an increase in seawater concentrations combined with a high degree of physiological modulation. Manganese, however, consistently decreased from primordium to edge in PBT otoliths, despite the scarcity of this element in surface waters of the open North Pacific central gyre (0.6-1.0 nmol kg 21 ) compared with the coastal boundary of the CCLME (2-6 nmol kg 21 , Landing and Bruland, 1980) . While more than half of all individuals showed increasing R Ba , R Mg , R Cu , and R Co at the otolith edge, a considerable fraction lacked this "entry signal", despite being landed inside the CCLME. Some individuals might have simply arrived too recently before catch and thus did not deposit sufficient otolith material for inclusion in our terminal ablation spots. This is supported by the fact that recreational catches of the new, age-1 PBT cohort still increase in proportion through August, i.e. close to the sampling dates of this study (Figure 7 ; and discussed below). Furthermore, the placement of terminal ablation spots was dictated by a practical trade-off between ablating close to the otolith edge while avoiding artefacts due to splintering or partial ablations. In a few cases, this likely led to greater-than-desired edge distances, which reduced the probability of detecting the entry signal. Another possible reason for our results is the spatio-temporal heterogeneity of the CCLME itself, where seasonal upwelling occurs in patchy and ephemeral episodes, depending on the changes in windstress, bottom bathymetry, and coastline structure (Mann and Lazier, 2006) . Hence, even for PBT juveniles inside the CCLME, the elemental signal related to upwelling would be expected to vary substantially depending on the water masses the fish actually encountered (Woodson et al., 2013) . While Figure 5 . Element:Ca ratios (R E ) for Li (a), Mg (b), Mn (c), Co (d), Cu (e), Zn (f), Sr (g), and Ba (h) during the last 5 months before capture (160 dpc) of PBT juveniles in the CCLME. Grey dots depict each replicate R E of all 24 individuals, which were fitted with a non-parametric Loess smoother (red line) with a bandwidth equal to 20% of data. Dashed arrows in b, d, e, and h indicate the observed increase in R E at 60 dpc. This figure is available in black and white in print and in colour at ICES Journal of Marine Science online.
Upwelling signal in bluefin tuna otoliths Figure 6 . Standardized Element:Ca ratios (ZR E ) of Mg (diamonds), Co (triangles), Cu (squares), and Ba (circles) for all 24 individual PBT juveniles used in this study. Points represent individual ablation spots plotted against the estimated date of deposition. Red lines connect means, calculated by averaging all ZR E 's per ablation row. Blue triangles denote the catch date; CFL (cm) and total age estimates (d) are given for each individual. Green shaded panels correspond to individuals, which had significantly higher ZR E 's in the last ablation row compared to the preceding three ablation rows. Some other individuals showed either subtle or unexpectedly early increases in mean ZR E 's, potentially indicating an earlier entrance into the CCLME.
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H. Baumann et al. following their prey, tunas move both horizontally and vertically through waters that likely possess different elemental signatures, thereby blurring the geochemical signal of any one in particular (Kitagawa et al., 2007) . Although the approach shows considerable promise, the absence of an entry signal in some individuals suggests that additional research is needed to assess the reliability of these natural markers and the required length of residency in the CCLME for PBT to acquire the entry signal.
For specimens that exhibited a signal consistent with entry into the CCLME, the reconstructed window of arrival generally occurred between late June and early August 2012. This entry period is consistent with Madigan et al. (2014) , who combined three biochemical tracer approaches and deduced that the majority of age 1 -2 PBT arrive in the Eastern Pacific Ocean between May and August. It is also in good agreement with the long-term seasonal pattern of recreational PBT catches off Southern California as recorded by the Inter American Tropical Tuna Commission (IATTC) and NOAA SWFSC. Average monthly length frequency distributions (JuneOctober) of PBT caught between 2005 and 2012 (n ¼ 8673) clearly show that a new cohort of individuals (60 -70 cm FL) first appears gradually from June to July and then increasingly dominates the catches in August-September (Figure 7) . Despite the known limitations of recreational fishery data (e.g. seasonally varying effort, boat size, trip length, angler experience, temperaturedependent tuna catchability), the general pattern strongly corroborates our estimated window of arrival for new PBTmigrants between late June and August, highlighting the potential value of using otoliths to estimate the timing of migrations.
Recently, Madigan et al. (2012 Madigan et al. ( , 2013 Madigan et al. ( , 2014 ) measured concentrations of anthropogenic radiocesium (i.e.
134
Cs and 137 Cs, released from the failed Fukushima nuclear power plant in 2011; Buesseler et al., 2012) in muscle tissue of similarly collected PBT juveniles. Using estimates of efflux and the differential decay rates of the two isotopes, the study modelled how tissue 134 Cs:
137
Cs ratios would decrease once fish had left Japanese waters, which in turn allowed reconstructing their time of departure. Estimates ranged from 30 to 80 d since departure (mean ¼50 d) and translated into a general departure window centered in early June 2012 (range: mid-May to early July). When combined, the estimated departure (Madigan et al., 2013) and arrival windows (this study) suggest that juvenile PBT migrants require 1.5 -2 months to complete their trans-Pacific migration (a distance of 8000 km; Orange and Fink, 1963) . This estimate is consistent with the single available observation of a PBT juvenile that was archival tagged in November 1996 in the East China Sea and crossed the North Pacific Ocean 1 year later, in 64 d (Itoh et al., 2003; Kitagawa et al., 2009) . In this case, however, the trans-Pacific migration occurred during winter (December-January; consistent with older migrants: Madigan et al., 2014) , not at the end of spring as inferred for the age-1 individuals of this study. While conventional tags have also shown west -east migrations (Bayliff et al., 1991; Bayliff, 1994) , the lack of information on location between tag and release makes it impossible to accurately determine the timing.
Otolith microstructure analysis of PBT juveniles added valuable information and ontogenetic context to otolith chemical measurements, despite the increased ageing uncertainty in such relatively old fish. Sagittal otoliths in tunas exhibit discernible, year-round, daily growth (at least through age-1) that in theory allows reconstructing several hundred days into the past (Wild and Foreman, 1980; Lehodey and Leroy, 1999) , in contrast to many temperate fish species, where strong winter ring formation usually limits otolith microstructure analysis strictly to the young of the year. Interpreting the microstructure in juvenile PBT otoliths, however, can be challenging, because the innermost increments are often difficult to discern (e.g. caused by a slight offset of the polished Upwelling signal in bluefin tuna otoliths transversal section from the actual primordium) and areas of poor increment visibility may require variable measurement paths. Additional uncertainty was inherent to our digital overlay method, which constructed age contour grids to extrapolate the otolith microstructure beyond the immediate areas of observation. Despite these challenges, blind within-reader ageing precision was sufficiently high (CV ¼ 5.7%), and the corresponding hatch distribution (i.e. April to September, with the majority born in June, July, and August; Figure 3b ) was highly consistent with published data and general knowledge about PBT spawning in the western Pacific Ocean. For example, Tanaka et al. (2007) applied otolith microstructure analysis to PBT juveniles (10 -28 cm) collected in 1999 and 2004 in the Sea of Japan, reporting inferred ages of 43 -93 dph and corresponding hatch dates mainly in July and to some extent in June. Our data are also consistent with Chen et al. (2006) and Kitagawa et al. (1995) who showed that the spawning season of PBT in the East China Sea usually extends from May to July, but occurs later during July and August in the Sea of Japan. This temporal shift in spawning times between two principal PBT spawning grounds has been widely documented in the literature (Yabe et al., 1966; Okiyama, 1974; Suzuki et al., 2014) , and our backcalculated hatch dates encompassed the spawning seasons of both spawning grounds. In contrast, age back-calculations based on age -length relationships such as those in Bayliff et al. (1991) and Shimose et al. (2009) (e.g. used in Madigan et al., 2013) appear to overestimate the age of immigrating PBT juveniles; when we used these relationships on our current specimens the hatch-date distribution would have shifted unrealistically into the months of February and March (Supplementary material, Figure S5 ).
In summary, longitudinal microchemistry in fish otoliths offers a wealth of informative, high-resolution data that can be complemented by otolith microstructure analysis. Here, the approach revealed that the otoliths of juvenile PBT (US West Coast) likely contain a trace elemental signal that coincides with the entry of these fish into the CCLME after their 8000 km trans-Pacific journey. Several elements (Ba, Mg, Co, Cu) appeared useful to identify a CCLME signal, but the validity of this signal will depend on a more robust characterization of spatio-temporal element patterns from seawater samples in and outside of the CCLME. Future work should also include outside groups or controls such as older CCLME residents (e.g. ages 3 -5), or fish that have been in a known location (e.g. tuna farms), or fish from which archival tags are recovered and retrospective migratory patterns are known. Further work is also required to refine ablation and image analysis techniques, and increase sample sizes. Ultimately, the method may have the potential to inform managers deciding the timing and catch limits of PBT fisheries and thus help improve the overfished state of the PBT stock.
Supplementary data
Supplementary material is available at the ICESJMS online version of the manuscript.
